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ABSTRACT 
Air-coupled ultrasound is a non-contact technique and has clear advantages over water-
coupled testing. This work aims at gaining quantitative understanding of the principles un-
derlining air-coupled ultrasonic measurement. The beams of air transducers, with and without 
Apodization, were mapped out. The transmission of air-coupled ultrasonic energy through 
a plate is measured experimentally; model calculation of the transmission coefficient, taking 
into account the real transducer characteristics, is compared with the experimental results. 
The occurrence of "Poisson bright spot" in the flaw images of thin laminates and honeycomb 
composites were investigated; A qualitative comparison with a model based on the Fresnel's 
wave theory of light is discussed. Through transmission C-scans at 120 and 400 kHz using 
focused transmitter and receiver were studied; Apodization of the transducers and its effects 
on the resolution were studied. In addition to the two-sided through transmission mode, the 
air-coupled ultrasound system was used to launch and receive Lamb waves. Conical attach-
ments were added to reduce the unwanted "cross-talk". The detection sensitivity of disbonds 
under thick-facesheet using air-coupled Lamb waves was investigated in a set of honeycomb 
sandwiches with 3-ply to 15-ply facesheets. 
Furthermore, Air-coupled scan results will be discussed for a variety of composite materials 
and structures, from thin laminates and honeycomb composites to thick composite rocket cas-
ing; [This work was supported by the NSF Industry /University Cooperative Research Center 
for Nondestructive Evaluation at Iowa State University.] 
4 
CHAPTER 1. INTRODUCTION 
The generation of ultrasound in air is challenging because the acoustic impedance of air ( 400 
kg/m2s) is many orders of.magnitude smaller than the impedance of most sound generating 
materials. The large impedance mismatch implies that piezo-electric transducers are inherently 
inefficient. Over the last thirty years, research has been focused on developing an non-contact 
air-coupled transducer that is both efficient and reliable and which has practical industrial 
applications [1]. The inherent advantages in non-contact transducers has increased interest in 
material characterization studies [2, 3] and flaw detection [4, 5, 6]. 
Air-Coupled Ultrasonic Transduction 
Conventional ultrasonic techniques are used in the inspection of metals, fibre-reinforced 
polymers, and many other materials. These techniques use water or a coupling gel as a coupling 
medium. However, use of water may not be suitable in the inspection of certain materials, 
that actually absorb water, or where contamination or damage would result. Thus increased 
interest has been shown in using air as the coupling medium. However, there are certain 
inherent difficulties, e.g. ultrasonic attenuation in air is much greater than in water, especially 
at high frequencies, and the acoustic impedance of air is very small when compared to that of 
most materials, leading to. difficulties in coupling energy into solid samples. Because of such 
problems, attention was given to transducer design in terms of sensitivity and bandwidth. 
Researchers and transducer experts have been designing piezoelectric devices by manipu-
lating the acoustic impedance transitional layers in front of the piezoelectric element. In the 
materials industry, one of the early applications of non-contact ultrasound was the testing of 
styrofoam blocks by utilizing a 25 kHz frequency. A precursor to high frequency non-contact 
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transducers was the 1982 development of piezoelectric dry coupling longitudinal and shear 
wave transducers up to 25MHz frequency. Dry coupling transducers feature a solid couplant 
and acoustically transparent transitional layer in front of the piezoelectric materials such as 
lead meta-niobates and lead zirconate-lead titanate (PZT). These devices, which eliminate the 
use of liquid couplant, do require contact with the material. 
The most common transducers used for air-coupled transduction are based on piezoelec-
tric and electrostatic designs. Impedance of the piezoelectric element being very high when 
compared to air, leads to problems in coupling energy into air. A quarter wavelength thick 
matching layer at the frequency of operation is introduced in front of the element surface [7]. 
Many types of materials have been tested and used as the matching layers, including aerogel 
[8], silicone rubber [9] and pressed fibres [10]. The application of matching layer reduces the 
bandwidth of the transducer, effort was made to reduce the impedance of the piezo-element by 
using a composite piezopolymer [11], which contains an array of piezoelectric ceramic rods in 
a polymer filler matrix. These have higher bandwidths than the traditional PZT's. However, 
matching layer is still required for sensitivity work in air, and hence these devices are used 
over a narrow bandwidth. 
The other transducer design available for air-coupled transduction is based on capacitance 
or electrostatic principle. The design consists of a thin membrane film and a rigid conduction 
backplate to form a capacitor. Applied voltage causes the membrane to vibrate and hence 
generates the ultrasound in to air. Backplate of these transducer has undergone a transition 
over the years, starting from a grooved backplate [12], which improved the acoustic properties 
at high bias voltages to a v-grooved backplate [13], which showed greater sensitivity with the 
improved shape of the backplate. At higher frequencies the surface features of the backplate 
have to be carefully controlled for good sensitivity. Backplate made of silicon, etched using 
micromachining techniques has been reported to produce wider bandwidth and enhanced sen-
sitivities [14]. These transducers have known to obtain excellent bandwidths when compared 
to peizoelectric air transducers. 
In this research, commercially available peizoceramic transducers have been used for the 
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ultrasonic measurements in composites and their repairs. Focus is on developing a non-contact 
ultrasonic technique, using commercially available peizoair trasducers, meeting ease of use and 
fieldability, in varied circumstances. 
Previous Work in Air-Coupled Ultrasound 
Air-coupled ultrasound has obvious advantages over conventional ultrasonic techniques. If 
contact-less, cheap and versatile transducers could be used, the inspection of structures would 
become much easier and the range of applications would become wider. The main limitation 
for using air-coupled ultrasonic transducers has always been the acoustic impedance mismatch 
between most materials and air. Electrostatic air-coupled transducers have been used for the 
first time in 1970's for propagating waves in solids [15]. Piezoelectric, air-coupled transducers 
are resonant in nature and use tone burst with a narrow bandwidth [16]. Applications of 
non-contact inspection range from aircraft and spacecraft industry to inspections in plywood 
and tire industry [17]. Lamb waves can also be generated using piezo-air transducers [16] to 
accurately measure time of flight in large panels to find the velocity of sound. Relevant physical 
properties of a material can often be correlated to the velocity of sound. 
Electrostatic transducers are very attractive because of their wide frequency bandwidth. 
However, the low efficiency of these devices generally requires averaging to extract signals 
from the noise. This has always been a drawback in developing non-contact material NDE for 
industry. Recent improvements in instrumentation and also in air-coupled transducer design 
have been made, thus allowing electrostatic transducers to be used for the generation and 
detection of waves in solid plates [18]. Applications of these transducers have been seen in 
ultrasonic testing of metals [19], adhesively bonded multilayered structures [20] and bonded 
aluminum lap joints [21] and in through transmission using broadband pulses. Applications in 
NDE of green-state ceramic structures [22] at elevated temparatures and the classification of 
fluids in steel vessels [23], have also been reported. Characterization of viscoelastic, anisotropic 
plates has been possible by generating Lamb waves using electrostatic transducers [24]. 
Air-coupled transducers coupled with like laser generated ultrasound can be used in the 
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detection of surface defects in composite plates. Laser is projected on to the composite at an 
angle to generate surface waves, in the frequency range of a air-coupled electrostatic receiver. 
Thus, defects close to the surface can be detected using this technique [25]. 
Advantages and Challenges in Air-Coupled Transduction 
Conventional ultrasonic tests are performed with liquid couplants or by immersion in water. 
There is an increasing need for tests without conventional coupling mediums. The important 
advantage of air-coupling is for applications where liquid may damage the part to be inspected 
or when the cost of removing the couplant is excessive. In tests of large areas or high scanning 
speeds, direct contact with the test object typically results in severe transducer wear and 
failure. In particular, air coupling was found desirable in applications involving the inspection 
of materials that could not be immersed in water. Such materials include propellants [26], 
certain wood and paper products [27, 28], foams, art objects [29], ceramic composites [22] and 
many advanced composite materials used by the aerospace industry [30]. 
There are some major challenges in air-coupled transduction. and foremost is the high 
impedance mismatch between air and most materials, which makes it difficult to introduce 
stress waves into the test material. This causes reflection of most of the transmitted energy at 
the interface particularly when the test materials are high density metals (steel, titanium and 
etc). 
This mode of transduction can only be applied to limited frequencies, typically below 
1 MHz. Important consideration will be the attenuation of sound in air, which increases 
tremendously as the frequency is increased. At 1 MHz the attenuation coefficient is about 160 
dB/m. 
Two transducers are always required in through transmission setup. Pulse Echo system is 
almost impossible to achieve in ambient conditions. However, pulse echo has been achieved in 
special circumstances in the laboratory [10]. 
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Motivation for Current Research 
Composites have found increasing application in commercial aircraft structures as a result 
of the strength, stiffness, fatigue, corrosion, and weight benefits afforded to improve perfor-
mance. Safety and functionality are high priorities for integrating composite components into 
commercial aircraft structures. 
Fiberglass was first used widely in the 1950s for boats and automobiles. Fiberglass was first 
used in the Boeing 707 passenger jet in the 1950s, where it comprised about two percent of the 
structure. By the 1960s, other composite materials became available, in particular boron fiber 
and graphite, embedded in epoxy resins. By 1981, the British Aerospace-McDonnell Douglas 
AV-8B Harrier flew with over 25 percent of its structure made of composite materials. 
Modern airliners use significant amounts of composites to achieve lighter weight. About 
ten percent of the structural weight of the Boeing 777, is composite material. The new B7E7 
commercial plane has been designed to have composites as the primary structures. Even, 
spaceplanes like Space Shuttles use composites in their primary structures. Modern military 
aircraft, such as the F-22, use composites for at least a third of their structures, and some 
experts have predicted that future military aircraft will be more than two-thirds composite 
materials. The important structures in a commercial aircraft, made of composites include 
cockpit, fuselage, wing and stabilator skins, inlet ducts, nacelles, wings, pivot shafts, hub 
covers, drive shafts and aircraft door counterbalance assemblies. 
Composites used in aircrafts are expensive, partly because of the exotic materials used 
and the complex manufacturing and fabrication techniques involved. So, when a composite 
structure in an aircraft is damaged, it is normally very expensive to replace and is not cost 
effective. In aircraft industry, damaged composite parts are repaired, refurbished and rebuilt 
in the maintenance of aircraft. Structures repaired in the composite shop are generally cured in 
autoclaves, but repairs made on the aircraft may be more varied in condition. To ensure that 
these composite components are mechanically sound, a variety of nondestructive inspection 
(NDI) methods and tools may be used, from traditional tap test and bond test to modern 
thermography and shearography. Some of these techniques are fieldable and others are more 
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suitable for a manufacturing setting. The air-coupled ultrasonic technique, with its obvious 
advantage over water-coupled ultrasound, has the potential for being developed into a practical 
NDI tool for airplane inspection. In this scenario, air-coupled ultrasound gains importance, 
where other techniques may be impractical or impossible to use. 
The motivation for current research is at gaining quantitative understanding of the prin-
ciples underlining air-coupled ultrasonic measurements in aircraft composites structures and 
their repairs. The topics of interest being the transmission coefficient, qualitative and quantita-
tive effects of apodization of transducers and bright spot phenomenon in through transmission 
scanning and one sided Lamb wave generation for viewing of internal structures and disbonds 
in composites. The focus of this research is to supplement the development of non-contact 
air-coupled inspection technique for inspection of aircraft composite structures. 
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CHAPTER 2. BASIC PRINCIPLES OF AIR-COUPLED ULTRASOUND 
This chapter introduces the basic concepts of air-coupled ultrasound. important as-
pects of sound transmission in air such as impedance mismatch, attenuation of sound in air, 
transmission coefficient and resonance effects in a plate and standing wave generation in the 
transducers are discussed. 
Impedance Mismatch 
It is widely believed that atmospheric absorption is the major obstacle to the use of air-
coupled ultrasonic inspection systems. However, it can be readily shown that, in the frequency 
region of interest, the limitations are due to the very large specific acoustic impedance differ-
ences between typical solids and gases. In a system that used air-coupled transducers for both 
generation and detection, the received signal amplitude is principally determined by the trans-
mission losses at the four air/solid interfaces. Namely, transmitter (PZT) to air, air to material 
(front surface), material to air (back surface) and again from air to the receiver (PZT) (Fig. 
2.1 ). Additional, but significantly smaller losses can also be expected due to diffraction, loss of 
phase-front coherence and finite amplitude saturation effects, which are sometimes experienced 
at very high drive levels. 
When ultrasonic waves travelling from one medium impinge on the boundary of a second 
medium, a portion of acoustic energy is transmitted through the boundary into the second 
medium while the remaining energy is reflected back. The characteristic that determines the 
amount of energy that is transmitted is the acoustic impedance of the two materials. Acoustic 
impedance, Z, is defined as the product of material density, p, and the velocity of sound, V, 
Transmitting 
Transducer 
A 
11 
B Zwater = 1.5 MRayl Zair = 515 Rayl 
Receiving 
Transducer 
Figure 2.1 Schematic of a through transmission setup 
in that material. 
(2.1) 
Since the acoustic impedance of air is extremely low when compared with most materials 
only a small fraction of energy is transmitted into the medium. The energy transmission 
coefficient between materials having acoustic impedances, Z1 and Z2 is defined as [31]: 
(2.2) 
The acoustic properties of selected materials is given in Table ?? [10]. It also shows the 
amount of energy transmitted in air/material configuration, in comparison with water/material 
configuration as shown in Fig. 2.1. We can see from the values in the table, that only 0.01 
% of the energy is transmitted when sound is transmitting from air to aluminum. Since, there 
are two interfaces in through transmission setup, the energy loss is twice as much in the dB 
scale. 
Transmission Coefficient and Resonance Effects in a Plate 
When an acoustic wave travelling in one medium encounters the boundary of another 
medium at normal incidence, reflected and transmitted waves are generated. From the previous 
section, we know that the amount of energy transmitted from the first medium to the second 
medium is determined by the ratio of their acoustic impedances. Equation 2.2 gives the 
transmission coefficient between two half spaces of acoustic impedances Z 1 and Due to 
energy conservation, the sum of transmission and reflection coefficients should be equal to 
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Table 2.1 'Ifansmission coefficient and energy transfer in selected materials 
(non-contact mode) 
Material Interface Transmission Energy Total Energy Loss 
Zm(MRayl) Coefficient Transfer( dB) at Interfaces(dB) 
Air Water Air Water Air Water 
Steel A 0.000034 0.11 -45 -10 90 19 
51.0 B 0.000034 0.11 -45 -10 
Aluminum A 0.0001 0.3 -40 I -5 80 10 
17.0 B 0.0001 0.3 -40 1 -5 
Acrylic A 0.0005 0.84 -33 <-1 65 1.5 
3.5 B 0.0005 0.84 -33 <-1 
Silicone A 0.018 0.96 -17 -0.2 35 <1 
Rubber (1.0) B 0.018 0.96 -17 -0.2 
unity at the interface of the two materials. Therefore, we have 
T+R=1 (2.3) 
Substituting for T from Eqn. 2.1 we have 
(2.4) 
Transmission Coefficient for a Plate 
Consider a plate of thickness d of acoustic impedance Z2 lying in between materials of 
acoustic impedances Z1 and Z3 as shown in Fig. 2.2. Let Pi represent the incident wave and Pi 
represent its amplitude. When the incident wave (plane wave with frequency w) from material 
I impinges onto material II, a fraction of the wave is transmitted (Pt) and the remaining is 
reflected (Pr). Where Pi and Pt are the incident and transmitted pressure waves travelling in 
the positive x-direction, at the I/II interface. When the transmitted wave in the medium II 
hits the medium II/III interface, a fraction is reflected (Ptr) again and the rest is transmitted 
into material III (pu). The reflected wave proceeds back to the boundary between the medium 
I and II. 
Therefore, incident, reflected and transmitted waves at the two interfaces can be written 
as: 
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Pr 
.......... 
I I 
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~ d ~ 
I I 
X=0 X=d 
Figure 2.2 Through transmission in a plate 
Material interface I/II: 
Material interface II/III: 
P _ n ej(k2x-wt). t - rt , P _ n e-j(k2x+wt) tr - rtr 
From continuity of displacement at x = 0 and x = d: 
and 
and 
n ej(k2x-wt) + D e-j(k2x+wt) - D ej(k3x-wt) I 
rt rtr - rtt x=d 
From continuity of velocity at x = 0 and x = d: 
Algebraically manipulating Eqns. (2.7)-(2.10): 
P _ D ej(k2x-wt) tt- rtt 
Pi+ Pr Z2(Pt + Ptr) 
Pi Pr Z1(Pt- Ptr) at x 0 
(2.5) 
(2.6) 
(2.7) 
(2.8) 
(2.9) 
(2.10) 
(2.11) 
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Ptejk2d + Ptre)k2d z3 
Pte)k2d - Ptre)k2d z2 at x = d 
After rearranging the terms in Eqns. (2.11) and (2.12), 
R = Pr _ (1- jracZ1Z3) cos k2d + j( ~ - ~)sin k2d 
a - Pi - (1 + jracZ1Z3) cos k2d + j( ~ + ~)sin k2d 
(Z3 + Z2)eJk2d 
(Z3- Z2)ejk2d 
(2.12) 
(2.13) 
(2.14) 
Substituting Eqn. (2.14) in Eqn. (2.13) and after some algebraic manipulation, we obtain 
the expression for the amplitude reflection coefficient Ra: 
Pr (1- ¥)cosk2d+j(¥- ¥)sink2d R --- 3 3 2 
a- Pi- (1+~)cosk2d+j(~~+~~)sink2d (2.15) 
The energy transmission coefficient can be obtained by using Eqn. (2.3); T = 1 - R = 1 -
IRal2. Thus, for normal incidence: 
(2.16) 
Considering that material I is same as material III, Z1 = Z3, the equation for the trans-
mission coefficient becomes: 
(2.17) 
If the incident wave is of unlimited length (single frequency), the individual waves are 
intensified or weakened, depending on the phase position, when they are superimposed, the 
result being interference. Due to interference the transmission coefficient has a series of maxima 
and minima from Eqn. ( 2.1 7). 
Using the ratio of the two acoustic impedances, m = ZdZ2, d for the plate thickness and 
>. for wavelength in plate material the amplitude transmission and reflection coefficients can 
be written as: 
1 
Tplate = ---;:========= 
J1 + ~(m- ~) 2 sin2 2~d' Rplate = 
1 (m _ l)2 sin 2 2nd 
4 m >. (2.18) 
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Figure 2.3 Transmission coefficient in aluminum and CFRP plates 
presence of sine functions in Eqn. (2.18) make the expressions periodical and their 
values fluctuate between fixed limits with increasing thickness of the plate. 
Minima of Rand maxima ofT occur at dj>.. = 0, 1/2, 2/2, 3/2 et seq. and 
maxima of Rand minima of T occur at dj>.. = 1/4, 3/4, 5/4 et seq. 
2.3 shows the transmittance of an aluminum and Carbon Fibre Reinforced Plastic 
(CFRP) plate in air plotted against the product of the plate thickness d and the frequency f 
It also shows the transmittance dependence at 120kHz and 400kHz for different thicknesses. 
Since the impedance of air is significantly low compared to most materials, the maxima of 
the transmission coefficient are like a series of spikes occuring at every integer multiple A./2 
thickness of the material (Fig. 2.3). The transmission coefficient has been calculated for an 
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ideal case wherein, the incident wave is single frequency plane wave. In reality, transducers 
do not behave like an ideal plane wave source, instead the signal consists of a spread of 
frequencies. Each of these frequencies have an effect on the transmission coefficient of the 
material. A modified transmission coefficient has been suggested in Chapter 4, which considers 
the frequency spectrum of the transducers. 
Attenuation of Sound in Air 
If we consider ideal materials, the sound pressure is reduced only by virtue of the spreading 
of the wave. A plane wave would show no reduction in sound pressure along its path, or the 
sound beam of the probe in its far-field would merely decrease inversely with square of the dis-
tance from the source. However, all natural materials produce a more pronounced effect which 
further weakens the sound, namely Attenuation. Since air is used as the coupling medium, it is 
important to examine the attenuation coefficients and its dependence on frequency and other 
considerations [32]. 
Attenuation can be attributed to two basic causes, i.e. scattering and absorption. Of par-
ticular interest is the attenuation of sound due to absorption in air, which is a direct conversion 
of sound energy into heat, for which several processes can be responsible [31, 35]. Extensive 
experiments were carried out to find the attenuation coefficients at different configurations and 
match them with theoretical considerations [32, 33]. 
Consider sound propagating in air over a distance x, the pressure wave Pt decreases expo-
nentially as a result of atmospheric-absorption effects due to humidity content, temperature 
and frequency content [35]. The ANSI standard Sl.26-1995 [35] gives a formula for the decaying 
sound in terms of the initial pressure wave Pi : 
Pt =Pi . e( -O.l151a:x) (2.19) 
where sound pressures Pi and Pt are given in pascals, distance x is in metres, a is given in 
decibels per metre. 
The primary variables in calculation of the attenuation coefficient are:(l) frequency of the 
sound f (in Hertz), (2) ambient atmospheric temperature T (in Kelvin), (3) molar concentra-
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tion of water vapor h ( %) and ( 4) ambient atmospheric pressure Pa (in kPa). The attenuation 
coefficient is a function of two vibrational relaxation frequencies, fro and frN, for oxygen and 
nitrogen, respectively. Values of fro and frN are in Hz and can be calculated from 
fro Pa {24 + [(4.04 X 10
4)(0.02 +h)]} 
Pr 0.391 +h) 
T 1 (9 + {280 · h · exp[-4.170{ (Tr )-3 - 1 }]} ) 
attenuation coefficient a in dB/m can be calculated from: 
a 8.686f2 ([1.84 x 10- 11 (~)- 1 (t)~J+ 
(2.20) 
(2.21) 
{0.01275[exp(- 22~· 1 [ l;of: J';o] + 0.1068[exp(- 3~2 [ J';ofr_;J';o]}) (2.22) 
where Pr and Tr are the reference atmospheric pressure and temperature, which are equal 
to 101.325 kPa and 293.15 K ( +20° C) respectively. The attenuation coefficient, a, in Eqn. 
(2.22) is approximately proportional to f 2 • Where f is the frequency of sound in 
In air, a can be expressed approximately as: 
a= 1.6 x 10-10 j2 (2.23) 
where, f is in Hz and a is in dB/m. Therefore, as the frequency increases, attenuation 
also increases. The value of a is about 103 times the corresponding value in water. Frequency 
range of operation for air-coupled ultrasonic devices is generally below 1 MHz. Using Eqn. 
(2.22) the attenuation coefficients at 120 kHz , 400 kHz and 1 MHz were calculated to be 5 
dB/m, 40 dB/m and 160 dB/m, respectively. We can see that attenuation is very high when 
the frequencies are in the MHz range. 
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CHAPTER 3. AIR-COUPLED ULTRASONIC INSPECTION SYSTEM 
In this chapter, the characteristics of the air-coupled ultrasonic system used in conducting 
the research are discussed. Due to the high impedance mismatch between air and most ultra-
sonic conducting materials, the transmitted signal is very low when compared to the incident 
signal. Therefore, the air-coupled system needs to input high energy into the material to be 
inspected and the receiver electronics must be optimized to get a good signal to noise ratio. 
The system we used for this research is called SONDA 007CX AIRSCAN (SONDA), which is 
commercially available from Quality Materials Inspection, Inc (QMI) [36]. This chapter dwells 
upon some of the features and characteristics of the system like pulser/receiver configuration, 
narrow-band piezo-ceramic transducers and their beam profiles and different scanning configu-
rations feasible with this air-coupled system. The occurrence of standing waves in air-coupled 
ultrasonic measurements is another important aspect that will be discussed in this chapter. 
The air-coupled system from QMI is adapted to an already existing motorized scanner from 
Sonix, Inc [38]. 
Pulser /Receiver and Transducer Characteristics 
In this research, SONDA system was used to perform the measurements on aircraft compos--
ite structures. This system (Fig. 3.1) is designed for a variety of NDE applications, primarily 
for the aerospace industry. Typically, this system is operated in through transmission mode 
(Fig. 3.2) or in a pitch-catch mode in which both transducers are on the same side of the part 
undergoing inspection (Fig. 3.3). Presently, the pulse-echo configuration cannot be realized 
at atmospheric pressure. However, this configuration has been successfully demonstrated at 
elevated pressures, typically above 30 atmospheres [10]. Potentially, this configuration has 
19 
Figure 3.1 SONDA 007CX AIRSCAN system 
Figure 3.2 Airscan system adapted to an existing Sonix scanner in through 
transmission setup, scanning a composite repair 
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Figure 3.3 Lamb wave generation setup 
important applications for in-line inspection of natural-gas pipelines and gas-coupled acoustic 
microscopy of electronic packaging materials. 
The SONDA system operates in a tone burst mode (Fig. 3.4) at four frequency settings 
of 50 kHz, 120 kHz, 400 kHz and 1 MHz. The corresponding wavelengths in air are 0.26", 
0.11", 0.033" and 0.0133" respectively. The transducers used are both focused and planar, 
the characteristics of which are given in Table 3.1. It is also possible to use other transducers 
with this system like the conventional peizoelectric contact and water-immersion (squirters) 
transducers and other dry contact types. Figure 3.5 shows the block diagram of the SONDA 
system[37]. 
Table 3.1 Characteristics of air-coupled transducers 
Vel. of Air Freq. Wavelength Element Nearfield Max. Focal 
(in/msec) (MHz) Dia. (in) (in) Dist. (in) Length (in) 
0.0134 0.05 0.26 1.750 2.79 2.24 
0.0134 0.12 0.11 0.765 1.28 1.03 
0.0134 0.40 0.03 1.000 7.50 5.97 
0.0134 1.00 0.01 1.000 18.69 14.95 
Near Field Calculator (N) = ~; (1- fJz) 
The SONDA system utilizes a 500 V peak-to-peak bipolar driving voltage with a very 
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Figure 3.4 Typical toneburst 
low output impedance. The driving voltage is in the form of a 15 cycle toneburst, generated 
by a computer controlled tone-burst generator (Fig. 3.5). The impedance matching network 
is used in fine tuning both the transmitter and the receiver to increase the efficiency of the 
system. In addition, the receiver contains internal super low-noise preamplifiers, which provide 
an additional 60 dB gain. Due to the generally weak received signal in air-coupled ultrasonic 
tests, it is important to have the preamplifier located adjacent to the receiver crystal before 
picking up additional noise in the cable lines. 
Material u ndE:u' test 
DISplay 
Figure 3.5 Block diagram of the AIRSCAN system 
The transmitter output is maximized by using an un-damped resonant ceramic transducer. 
By using this type of transducer the conversion between electrical energy and kinetic energy 
of transducer movement is maximized. The receive and transmit transducers are 'paired' 
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to match the resonant frequency. A sinusoidal transmitter excitation signal rather than a 
single rectangular or 'spike' pulse is used to increase the energy content of the signal. In 
the SONDA system, 500V peak-to-peak tone burst of up to 15 cycles is used. Thus, the 
pulse contains much more energy, and by matching the toneburst frequency to that of the 
transducer resonance, a maximum energy transfer is obtained. Using a resonant system for 
both the transmitter and receiver can give a typical increase in sensitivity of nearly 40 dB, 
compared to a conventional damped transducer. The efficiency of transmitting sound from the 
ceramic to air can be significantly improved by using an intermediate acoustic matching layer, 
typically a light polymer material having an impedance of 1 MRayl. The overall transmission 
at each interface is improved by about 12 dB. A further improvement in efficiency can be 
obtained by using an acoustic lens to focus the sound energy. By concentrating the sound 
beam to a focal spot of a millimeter (at 400 kHz) or so across, we can obtain improvements 
in both sensitivity and resolution. A basic unfocused transducer design is shown in 3.6a. 
Figures 3.6b-3.6e show different designs of a focused air-coupled transducer [37]. 
'I'ransducer Characteristics 
Characterization of sound fields, generated by ultrasonic transducers, is a prerequisite to 
understanding observed signals in traditional ultrasonic testing and to provide the operator 
a method of determining if a probe has been constructed to the required specifications for a 
particular application. Important characteristics for a transducer are: the beam profile, fre-
quency content (center frequency, bandwidth), spot sizes and the near field distance. Flat 
transducers have large spot sizes and divergence causes beam to spread quickly in the for-
ward direction. Spherically focused elements can improve the spot size and reduce divergence, 
which increases the working range based on the spot when compared to flat transducers. 
Numerous codes exist around the world that can be used to standardize the method used for 
this characterization. ASTM E-1065 [39] has addressed methods for ascertaining beam shapes. 
The beam profile is an important characteristic of a transducer. It gives an idea of the 
spatial sound pressure distribution from the transducer. The frequency of the transducer 
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Figure 3.6 Air-coupled probe design features: a) Simple planar transducer 
design with a matching layer, b) Focused transducer using a 
curved piezo-electric element, c) Focused transducer using a 
diced or crushed piezo-ceramic element, d) Focused transducer 
with a flat piezo-electric element with external optics and e) 
Focused transducer using a plastic bonded to a flat piezo 
element 
defines the range of applications. For example, QMI has developed transducers to work at 50 
kHz, 120kHz and 400kHz (1MHz is still in the design optimization process). Each transducer 
has own working range and can be used for specific applications depending on the frequency 
of the transducer (Table 3.2 [40]). 
Since these transducers are of the resonant type, a tone burst of up to 15 cycles can be used 
to excite the piezo ceramic element inside them. Figure 3. 7 shows the shape of the driving 
tone burst voltage at 1 cycle and the corresponding time-domain signal obtained for 120kHz and 
400kHz transducers respectively. The number of cycles in the driving voltage can be increased 
by using a keypad on the front panel of the SONDA system. Each driving cycle has 20 cycles 
and 6 cycles of a bipolar square wave for 120 kHz and 400 kHz transducers respectively. When 
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Table 3.2 Applications of air-coupled transducers depending on the 
quency of operation [40] 
Frequency Typical Spot Typical Materials Comments 
Resolution 
Thick structural foams, Will penetrate almost 
50 kHz 8-10 mm complex multi-layer anything, but the resolution 
composites, unprocessed is inadequate for many 
timber, concrete purposes 
Foam sandwiches, two or Good compromise where max 
120kHz 5mm three layer honeycombs, resolution is not required. 
medium thickness timber Penetrates most ultrasonic 
drywall conducting materials. 
Honeycombs, Gives results comparable in 
400kHz 1-2 mm solid laminates, single resolution to practical 
layer production tests. 
the number of cycles on the keypad are increased, the driving voltage (Fig. 3. 7) is repeated 
instead of increasing the cycles within the toneburst. By increasing the number of cycles the 
width of the time-domain signal coming out of the transmitter is increased. The frequency 
content is limited in these narrow band transducers, with the bandwidth being 15-20% of the 
nominal center frequency of operation (Fig. 3.8). 
Table 3.3 Comparison of the QMI probe characteristics with a piston 
source model 
Freq. / Dia. Type Near Field Dist. Beam Diameter 
Piston QMI Piston QMI 
Focused 1.03" 0.46" 0.09" 0.43" 
120kHz /0.765" 
Unfocused 1.31" 0.093" 0.35" 0.56" 
Focused 5.97" 1.32" 0.06" 0.14" 
400 kHz /1. 000" 
Unfocused 7.47" 1.12" 0.27" 0.16" 
A typical immersion transducer can usually be considered a piston source. The characteris-
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Figure 3. 7 Single cycle driving voltage and transducer output signal at 120 
kHz and 400 kHz transducers. The above plots were made by 
channelling driving voltage and the RF output after attenuation 
into a LeCroy Waverunner oscilloscope 
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Figure 3.8 Time-domain signal and frequency domain spectrum for 120 
kHz and 400 kHz transducers. The FFT of the time domain 
signal was done using a LeCroy Waverunner oscilloscope 
26 
tics of a transducer are dependent on the center frequency and the diameter of the source. The 
expressions for the characteristics of the transducer such as near field distance, beam width and 
beam diameter are derived by considering the transducer as a piston source. Table 3.3 com-
pares the characteristics of the QMI manufactured probes at 120kHz and 400kHz with that of 
a piston source model with the same diameter and frequency. It can be see from the values in 
Table 3.3 that the air-coupled transducers from QMI clearly do not behave as a conventional 
piston source. The material used for the matching layer in the QMI air-coupled transducers is 
unknown (proprietary material and the company cannot give the details of it). The measured 
on-axis pressure field from QMI data sheets and the calculated pressure field from the piston 
source model were compared for 120kHz (Fig. 3.9) and 400kHz (Fig. 3.10) air-coupled trans-
ducers. It can be seen that there is a marked difference in the on-axis pressure field for both 
these transducers. The QMI transducers are manufactured using proprietary material and 
technology. Due to the lack of information about the specific construction of the transducers 
the difference between the on-axis field pressures and that predicted from the piston source 
assumption for these air-coupled transducers remains unexplained. 
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Figure 3.9 Comparison of on-axis pressure fields: QMI [36] and piston 
source for a 120 kHz air-coupled transducer. [Note: X-axis 
of the two figures are same scale] 
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Figure 3.10 Comparison of on-axis pressure fields: QMI [36] and piston 
source for a 400 kHz air-coupled transducer. [Note: X-axis of 
the two figures are different scale] 
Beam Profiling 
Instead of making a transducer model to match the transducer characteristics, experimental 
verification was suggested to check if the probe was constructed as per the specifications for 
each transducers. It was important to verify the beam profiles of these transducers as well 
as to generate the profiles in electronic form for convenient use in various measurements. 
ASTM E-1065 [39} gives details for a number of methods for beam profiling. In conventional 
immersion setup, a point transducer is used to do the beam profiling. However, considering 
air as the coupling medium and the impedance mismatch being so large the signal detected 
by a point piezoelectric element is very smalL Inserting a preamplifiE:(r directly to the point 
element might not be feasible. Matching the resonant frequency of the point element with the 
frequency of operation is another difficulty. With the QMI transducers being already optimized 
in resonance mode, we decided to apodize the QMI receivers into a point receiver and map the 
field generated by the transmitter. 
The QMI transducers come as a set of two transducers for each frequency. One is the 
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Figure 3.11 Point receiver schematic model 
transmitter and the other one is the receiver with a built-in preamplifier. We presently have 
planar transducers set at 50 kHz and we have both focused and unfocused transmitters and 
receivers at 120 kHz and 400 kHz frequencies. The planar receivers were apodized to serve as 
a point receiver, with the modifications shown in (Fig. 3.11). The blue portion is a rubber 
casing fixed around the transducer and an aluminum foil with a pinhole (dia. = 0.7 mm) in 
the center is glued to this rubber casing and covering the face of the transducer. A layer of felt 
(with a hole in the center) is glued onto the aluminum foil to cut down the reflections between 
the transmitter surface and the aluminum foil. 
The C-scan setup for generating the on-axis beam profile of the transmitting transducer is 
shown in Fig. 3.12. In this setup, the transmitter is stationary and the receiver scans the signal 
amplitude in a plane perpendicular to the surface and containing the axis of the transducer. 
After each pass, the receiver moves away from the transmitter in the step-axis direction, thus, 
creating a C-scan representing the beam profile of the transmitter. Using this technique beam 
profiles were made for both focused and unfocused transducers at both 120kHz (Fig. 3.13 and 
Fig. 3.14) and 400 kHz (Fig. 3.15 and Fig. 3.16). The beam profiles obtained from the point 
receiver c-scans were compared with those given in the QMI specification data sheets [36]. Since 
the color pallete used by QMI is different from the pallete we have in the C-scan of the beam, 
it is difficult to compare them visually. Therefore, the measured on-axis pressure as a function 
of distance from the transducer (a subset of C-scan data) is plotted and compared with that 
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Figure 3.12 Scan setup with point receiver 
Figure 3.13 Beam profile of 120kHz planar transducer 
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Figure 3.14 Beam profile of 120 kHz focused transducer 
Figure 3.15 Beam profile of 400 kHz planar transducer 
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Figure 3.16 Beam profile of 400 kHz focused transducer 
provided by the manufacturer. Fig. 3.17 and Fig. 3.18 show the comparison of amplitude plots 
of the on-axis pressure distribution for 120 kHz and 400 kHz focused transducers respectively. 
It can be seen that the experimental line pressure results and the manufacturer's data were in 
qualitative agreement, especially for the 400 kHz focused transmitter. 
Experiments were also carried out by attaching cone to the faces of the 120 kHz transducers. 
These cones were picked up from a physician's office and are called Otoscope cones. The results 
from the experiment were interesting and the use of these cones improved the resolution of the 
C-scan. We believe this improvement in the resolution can be attributed partly to the beam 
profile of the cone. Therefore, the beam profile scan was performed on these cones using the 
point receiver. The beam profile from this scan, along with the transmitter and point receiver 
setup for the scan is shown in Fig. 3.19. The beam from the cone has a distinctive tear drop 
shape, which could be the reason for the improved resolution. More details on the resolution 
improvements are discussed in the following chapters. 
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Figure 3.17 Comparison of on-axis pressure at 120kHz focused transducer. 
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[Note: X-axis andY-axis of the two figures are same scale] 
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Receiver 
Cone Casing Aluminum Foil 
Figure 3.19 Beam profile of the cone attached to 120kHz planar transducer 
and its setup 
Modes of Inspection 
Air-coupled transducers can be aligned in different ways to generate different wave modes 
for the inspection of materials. Figure 3.20 shows the different inspection configurations pos-
sible with air transducers [41, 42]. The most common setup for air-transducers is the through 
transmission, where access to both sides of the part is required during inspection. Figures 
3.20a-c show the generation of bulk waves, both compressional and shear waves, in the part 
and Figs. 3.20d and e show the guided wave generation in plates when transducers are on the 
same side and the opposite side of the plate, respectively. A sound barrier has to be used as 
in Fig. 3.20b to cut down the unwanted specular reflection of the surface of the sample. 
This research is focused on the measurements in through transmission and Lamb wave 
generation in composites. A more detailed discussion is made in the following chapters on the 
generation of bulk and guided waves and the results from the experiments. 
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Figure 3.20 Different alignment configurations using air transducers 
Standing Waves in Air 
Since the impedance mismatch between air and solid in air-coupled ultrasound is large, there 
can be considerable reverberations between the transducer surface and the part. Therefore, 
with a long toneburst, the reflected signals from the part surface can actually overlap with the 
transmitting wave to generate standing waves and result in a series of maxima and minima 
in amplitude. Figure 3.21 shows the time-domain signal emitted by 120 kHz and 400 kHz 
transducers. The length of the signals are approximately 85 J.l.S and 50 J.l.S respectively, at these 
frequencies. For every A/2 distance there is a maxima observed in the air gap between the 
sample and the transducers. Standing waves were first observed during the beam profile 
mapping of the transmitters the "point" receivers. In the point receiver setup, a piece of 
felt is used to cut down the reflections and to reduce the overlap with the transmitting wave. 
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Figure 3.21 Time domain signal at 120 kHz and 400 kHz 
Figure 3.22 shows a schematic of the generation of standing waves between the sample and 
the transducers. Depending on the length of the toneburst generated by the transducers, the 
distances a and b for the air gap between the transducers and the sample can be maintained to 
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avoid the overlap of the reflected and the transmitted waves. The 120 kHz planar transducers 
having a tone burst length of 85 JlB were used for the standing wave investigation. At an ambient 
temperature of 20 °C the speed of sound in air is 340 m/s. From the speed of sound and the 
length of the toneburst, the air gap of approximately 0.57" was sufficient to avoid standing 
waves on either side of the sample and the transducers. 
In this setup, the transmitter is stationary and the receiver moving away from the sample, 
mapping the field. The standing wave generation in the air-gap between the receiver and 
the sample was investigated. The distance, a, between the transmitter and the sample was 
maintained at 0.75" (> 0.57") to avoid any standing wave generation. In this region, the 
sample used in these measurements was an aluminum plate of 40 mil thickness. The field 
beyond the aluminum plate was mapped for b ranging from 0 to 2" . 
c 
a b 
Transmitter 
'a'- Distance from the transmitter to the front surface of the sample 
'b'- Distance from the back surface of the sample to the receiver 
• Transmitted Wave 
• 151 Reflection 
D 2nd Reflection 
Figure 3.22 Schematic of standing wave generation in the air-gap 
Figure 3.23 shows the beam mapping beyond the sample. A series of maxima and minima 
can be observed pertaining to the standing waves until the air-gap between the sample and 
receiver is approximately 0.55". Therefore, in through transmission scanning the air-gap be-
tween the sample and the transducers at 120 kHz should be at least 0.55" to avoid the overlap 
of the reflected and the transmitted waves. 
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Figure 3.23 Standing waves between the front surface of the aluminum 
plate and the transmitter at 120 kHz 
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CHAPTER 4. THROUGH TRANSMISSION SCANNING IN 
COMPOSITES 
In this chapter our experience in through transmission measurement with air-coupled trans-
ducers is discussed. An expression for the modified transmission coefficient is derived, which 
accounted for the frequency spectrum of the transducer. The measured values of the transmis-
sion coefficient are compared with that obtained from the derived expression. Improvement 
in resolution with apodization of transducers is illustrated and the phenomenon of Poisson's 
bright spot observed in the images of defects in composites is explained with a model using 
Fresnel's wave theory of light. 
Figure 4.1 Through transmission scanning setup 
Through Transmission 
Air-coupled transducers can be aligned in different ways to generate different wave modes 
for inspection of materials. The through-transmission setup requires access to both sides of 
the part to be inspected (Fig. 4.1). Most applications of the QMI system use the through-
transmission approach. In through transmission, two transducers are used; one is the trans-
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mitter and the other the receiver. The transducers need to be collinear and aligned to inspect 
a part in this mode. Usually, the two transducers are fixed onto a yoke to get the coordinated 
movement. A flaw is indicated by a decrease of the transmitted signal (Fig. 4.1). This tech-
nique is suitable for detecting disbands, porosity, impact damages and the presence of foreign 
material inside the part. 
Table 4.1 Insertion loss in common materials 
Material Amplitude(%) Insertion Loss (dB) 
Air 100.00 0 
Saran Wrap (0.4 mil) 5.96 25 
Al. Foil (0.6 mil) 2.11 34 
Sheet of Paper 1.33 38 
Two Saran Wraps 0.25 52 
8-ply CFRP 0.07 64 
1.4" CFRP Rocket Case 0.01 78 
1/ 4" Al Plate 0.01 82 
Table 4.1 gives a measure on the amount of energy lost in transmission when using air as the 
coupling medium. Some common materials available in the laboratory were placed between 
the transducers in a through transmission setup. The measured insertion loss for different 
materials is listed in Table 4.1. A sheet of paper causes an amplitude loss of about 38 dB 
and a sheet of saran wrap (0.4 mil thickness) has a 25 dB loss at 120 kHz. When two sheets 
of saran wrap are inserted then the amplitude loss is 99.99 % (52 dB). The insertion loss in 
the saran wrap shows a linear response in the dB scale with the number of saran wrap sheets 
introduced. These insertion loss measurements led us to find the transmission coefficient for 
plates of different thicknesses. 
The energy transmission coefficient, T, between two materials with acoustic impedances, 
zl and z2, can be found from the well known formula [31]: 
T 4ZIZ2 (Z1 + Z2) 2 (4.1) 
For. each interface between air (Z1 ::::::! 400kgm-2s-1) and aluminum (Z2 ::::::! 17x 106kgm-2s-1 ), 
T is approximately 10-4 . Therefore, for an aluminum plate in air, the total loss will be 80 
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dB. However, this expression for the transmission coefficient is based on the assumption that 
both air-aluminum interfaces are acting independently. For a wave of long duration (e.g. a 
long toneburst) passing through a plate of thickness d, the energy transmission coefficient was 
derived in Chapter 2 (Eqn. 2.17): 
T 
1 (4.2) l)2 sin2 21rfd 
m c 
where m ZI/ Zz and cis the velocity of sound in the plate. If the incident wave is of unlimited 
duration (single frequency, f); it would setup a series of mechanical resonances in the plate. 
The sine squared term in Eqn. (4.2) makes the expression a periodic series of sharp peaks 
with the transmission coefficient reaching unity at each resonance. In deriving this expression 
for transmission coefficient, a single frequency incident plane wave is assumed. However, the 
transducers used for the measurements have a frequency spread. A modified transmission 
coefficient is therefore needed to account for the frequency spread of the transducer 
Transmission Coefficient in a Plate: Frequency Content of the Transducer 
In Chapter 2, an expression for the transmission coefficient was derived for a plate in 
through transmission setup. Considering a plane wave of a single frequency is incident on the 
plate, the expressions for amplitude transmission and reflection coefficients were derived in 
(Eqn. 2.18): 
Tplate (J, d) 1 (4.3) 
(4.4) 
Figure 4.2 shows the transmittance dependance on thickness and frequency (at 120 kHz) 
in aluminum and CFRP with air as the coupling medium. The maxima of the transmission 
coefficient are manifest as a series of spikes occurring at every integer multiple >../2 thickness 
of the material. The low impedance value of air, with respect to aluminum and CFRP is 
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responsible for the sharpness of the peak. The periodicity of these peaks is due to the sine 
term in the expression for the transmission coefficient. In reality, transducers do not behave 
like an ideal single frequency plane wave source. The signal consists of a spread of frequencies 
each of which will have an effect on the transmission coefficient for a plate. 
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Figure 4.2 Transmittance in aluminum and CFRP and its dependence on 
the thickness at 120 kHz 
The transmission coefficient is a function of the frequency of the plane wave and the thick-
ness of the plate (Eqn. 4.3). Consider an incident signal Si(t) (Fig. 4.3a) on a plate. The 
Fourier transform of the incident signal gives the frequency content Si(f) (Fig. 4.3b) of the 
incident signal. 
Si(f) = ~ 100 Si(t)e-i2n'ftdt 
27r -oo 
(4.5) 
When considering a transducer as a source, we have to account for the effect of the frequency 
spread on the transmission coefficient. Therefore, the product of the frequency spread and 
the single frequency transmission coefficient gives the modified expression for the transmission 
coefficient, Tplate(f,d). This modified transmission coefficient accounts for the frequency content 
of the transducer. 
Therefore, the modified transmission coefficient is given as: 
Tplate ( J, d) (4.6) 
Time-Domain Signal @120kHz 
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Figure 4.3 (a) Time domain signal Si(t) from a 120 kHz transducer and 
(b) The frequency spectrum Si(f) from a 120kHz transducer 
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The inverse Fourier transform of this modified transmission coefficient will give a measure 
of the transmitted time domain (St(t,d)) through the plate. The peak to peak amplitude 
of this transmitted signal gives the amplitude dependance on the thickness of the plate. The 
inverse Fourier transform of (Eqn. 4.6) is given by: 
St(t,d) df (4.7) 
Table 4.2 Measured insertion loss in aluminum and CFRP 
Aluminum CFRP 
Thickness (in) Insertion Loss(dB) Thickness (in) Insertion Loss( dB) 
0.0000 0 0.00 0 
0.0006 33.5 0.0210 58 
0.0150 60.5 0.0295 61 
0.0190 62.5 0.0355 62 
~50 64 0.0395 63 
10 66.5 ~ 64 0.0400 69.5 67.5 
0.0595 72.5 0.0820 69.5 
0.1260 75.5 0.1035 70.5 
0.1880 77 0.1355 72.5 
0.1935 79 0.1680 74 
The above formulation for the modified transmission coefficient was verified experimentally 
using the QMI 120kHz transducers. Figure 4.3 shows the toneburst time domain signal, (Si(t)), 
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from a 120kHz planar transducer and its narrow-band frequency spectrum (Si(f)). Since the 
acoustic impedance value of CFRP is less than that of the aluminum, the amplitude loss is 
less in CFRP. The amplitude loss was measured by keeping an air-gap of 2.5" between the 
transmitter and the receiver. gain and the attenuation on the receiver were adjusted so 
that the peak amplitude level was 50% of the saturation. Then the aluminum and CFRP 
plates of different thicknesses were inserted between the two transducers. The reduction of the 
amplitude of the transmitted signal depends on the thickness of the material. gain and 
the attenuation settings were adjusted on the pulser/reciever so that the amplitude level was 
again 50% of the saturation level. The difference in the attenuation and gain in the dB for 
a "o plate" and a "with plate" between the transmitter and the receiver is the actual loss in 
the dB scale for a plate thickness d. The amplitude loss dependence on thickness is tabulated. 
Table 4.2 shows the amplitude loss in dB's as the thickness changes for aluminum and CFRP 
laminate. 
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Figure 4.4 Comparison of calculated amplitude loss and measured loss with 
thickness of aluminum and CFRP 
A computer program was written in Matlab to calculate the amplitude loss based on the 
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modified expression for the transmission coefficient (Eqn. 4.6). The program calculates the 
amplitude loss in dB for different thicknesses for aluminum and CFRP plates. These calculated 
values were then compared with the measured values obtained with a pair of planar 120 kHz 
transducers. The frequency spectrum of the 120kHz transducers was used in the calculations 
(Eqn. 4.6). In Fig 4.4, the calculated and measured amplitude losses are plotted. These 
plots show good agreement for both aluminum and CFRP plates at different thicknesses. The 
calculations based on the model agree closely with the experimental results. Therefore, this 
model can be used to predict the thickness of the plate based on the insertion loss in a variety 
of materials and vice versa. 
The first critical angle from air to aluminum is approximately 3°. When measuring trans-
mission through thin aluminum plates, the alignment is not an issue because the amount of 
material in the plate to pass through is less. During the measurement of the insertion loss 
for aluminum, it was observed that when the thickness of aluminum was more than 0.25", the 
receiver signal was overwhelmed by noise. When the plate has large thickness, the alignment 
of the sample becomes critical. If the alignment of the sample is not normal to the transducer, 
most of the energy refracts at wide angles. From the expression for ideal transmission coeffi-
cient (Eqn. 4.2) the first resonance peak should occur at a thickness of 26.334 mm. At this 
thickness it is difficult to measure the actual transmitted signal because of the noise. 
Bright Spot in Through Transmission 
A conventional through-transmission scan follows the principle shown in Fig. 4.1. The 
presence of a flaw in the sample, tends to block the transmitting signal. Due to the blocked 
signal, the defects show up as a low intensity regions when compared to their surroundings in 
the C-scan of the part. There have been interesting results observed from the inspection of 
various composite laminates and honeycomb structures. In some of the scans, defects in the 
composites were observed as higher intensity or a bright spot compared to the surrounding 
regions. In some cases, these defects appeared as dark spots with a bright dot in the center of 
the defect. We believe the sound waves are diffracting around the edge of these circular defects. 
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These diffracted waves then interfere constructively to give a bright spot in the geometrical 
shadow of the circular defect. 
Figure 4.5 Shows the classical through transmission scan of a kevlar honey-
comb composite sample with engineered circular delaminations 
between the skin and the core. a) C-scan image made using the 
120 kHz planar transducers, showing the delaminations as dark 
spots. b) C-scan image of the same sample with 400 kHz trans-
ducers. The defects show up as dark spots and the honeycomb 
cell pattern can be noticed. 
Figure 4.5a shows the C-scan image using 120 kHz transducer of a honeycomb composite 
made of Kevlar facesheet and Nomex honeycomb. Figure 4.5b is the C-scan image of the same 
sample at 400 kHz (with a focused receiver). This honeycomb sample has engineered circular 
disbonds of four different sizes between the face sheet and the honeycomb on both sides. All 
the disbonds appear as lower intensity regions in comparison to their surroundings 
4.6a is a scan of a 10-ply CFRP facesheet of a honeycomb composite. It has 
embedded circular defects of three different sizes and triangular defects. The circular defects 
are of 3/8", 1/4" and 1/5" in diameter and the triangular defects are 1" on two equal 
sides. All the defects are grafoil inserts and are placed at different depths in the facesheet. 
The three circular defects of different sizes and a triangular defect are placed in a row as one 
set. The three sets of defects are placed respectively between plies 2-3, 5-6 and 8-9 of the 
facesheet. The scan in Fig. 4.6a was performed using a pair of 400 kHz transducers with a 
focused receiver. It is a classical example of a through transmission scan. As expected, the 
embedded defects block the sound and appear as lower intensity regions in the scanned image. 
Zone A defects between ply 2 and 3 
Zone B defects between ply 5 and 6 
Zone C defects between ply 8 and 9 
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b) 
Flaws in skin are: 
3/8", Y4", 1/5" circles and 1" x 1" triangles 
Figure 4.6 (a) C-scan image of a 10 ply CFRP face sheet with embedded 
defects at different depths as shown. The image was obtained 
using a 400 kHz transducers with a focused receiver (b) A hon-
eycomb sandwich was made by gluing facesheet shown on the 
left on one side to a aluminum honeycomb core. The .._,-,J'"'"'"~ 
image is of this honeycomb composite by using 120 kHz planar 
transducers. Some of the defects in the facesheet show up as 
bright spots. 
A honeycomb sandwich was made by gluing this facesheet with embedded defects on one 
side and a normal 10 ply facesheet on the other side. aluminum honeycomb core was 
3/4" thick with 1/8" cell size. A C-scan was then performed on this sandwich using 120 
kHz transducers (Fig. 4.6b). An interesting phenomenon was observed where some of the 
embedded circular defects showed up as bright spots instead of dark spots. The difference in 
the appearance of these defects can be attributed to frequency of inspection, the position of 
these flaws in the facesheet and also the size of the defects. 
The occurrence of the bright spot has been cited in ultrasonics literature. This bright spot 
phenomenon in immersion setup was first reported by Margetan et. al. [43]. A Gauss-Hermite 
model [44, 45] for anisotropic materials was used to explain the bright spot phenomenon in 
immersion setup. This model was applied to the through transmission inspections of delami-
nations in composite plates. results from this model indicate the occurrence of bright spot 
at low frequencies. 
Schindel et. al. [46] observed that higher transmission can be obtained at the position of 
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the defects when the center frequency of the capacitive transducers where changed according 
to depth of the defect. This phenomenon was explained by the broadband nature of the 
signals generated by the capacitive transducers. These transducers were operated at different 
frequencies exciting various vibrational modes of a material or structure. Resonant modes were 
excited in the plate depending on the depth of the defect. At these resonant modes the defects 
showed up as bright spots in the C-scan image. 
In our experiments, narrow-band piezo-ceramic transducers were used, therefore limiting 
the number of vibrational modes excited in a plate. The bright spot phenomenon was observed 
not just in composite laminates but also in honeycomb structures. This observation makes it 
difficult to explain the bright spot phenomenon in terms of exciting vibrational modes with 
narrow band transducers. 
Figure 4.7a shows the design of a 64-ply composite laminate with embedded circular defects 
between plies 32 and 33. These defects are double Teflon films of three different sizes having 
diameters 1/8", 3/16" and 1/4". The defects are marked as ATOP or SUB depending on how 
they are placed on the ply 33. The ATOP defects are placed between ply 32 and ply 33 whereas 
SUB defects are placed in a punched hole in the ply as shown in Fig. 4.7a. A C-scan was 
performed on this sample using the airscan system with a pair of 120 kHz planar transducers. 
Figure 4. 7b illustrates the result from that scan. All the defects appeared as bright spots with 
varying intensity and shape. The 1/8" ATOP and SUB defects are barely visible in the scan 
but they show up as faint bright dots. However, a marked difference in the ATOP and SUB 
defects can be observed even though they are of the same size. The 1/4" defects show up as a 
dark region with a bright spot in the center whereas the 3/16" defects show up as a complete 
bright spot. 
We believe this bright spot phenomenon is due to the diffraction of sound waves around the 
circular defects. The diffracted sound waves interfere constructively to generate bright spots. 
The occurrence of these bright spots depends on the inspection frequency, the size of the defect 
and the position of the defect inside the sample. A perfect example to show the dependence 
on these variables is a 16 ply laminate with embedded circular grafoil inserts of different sizes. 
a) 
b) 
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Figure 4. 7 (a) The design of the 64-ply composite laminate with embedded 
circular defects of different sizes at different orientations (b) 
The C-scan image of the above composite sample using 120 
kHz planar transducers. Some of the defects show up as bright 
spots in the C-scan image 
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Figure 4.8a shows the design of this composite laminate. There are 8 sets of circular defects 
placed in this laminate having 7 different sizes. The circular defects in each set ranged from 
1/8" to 1/2" in diameter. These 8 sets of defects were placed between plies 1-2, 2-3, ... and 8-9 
as shown in Fig. 4.8a. 
A C-scan was performed on this panel using a pair of 120 kHz planar transducers. Some 
of the smaller diameter defects do not appear in the image. All the remaining embedded 
defects in the C-scan image were observed as bright spots (Fig. 4.8b). Then the frequency of 
inspection was changed to 400 kHz and a focused receiver of 1" focal length was used. The 
C-scan obtained showed some of the defects as bright spots and some of them as dark spots. 
But none of these appeared with an intermediate color (Fig. 4.8c). This C-scan result confirms 
the effect of frequency on the bright spot phenomenon. 
Consider the 1/ 4" defect between different plies. This defect shows up as a complete bright 
spot when placed between plies 1 and 2. The same defect at a different position has some 
structure to the bright spot. Therefore, the bright spot phenomenon also depends on the 
depth of the defect inside the sample. 
Consider the set of defects between plies 4 and 5. Some of the defects appear as dark 
spots and some of them were observed as a dark region with a bright dot in the center. The 
bright spot structure observed in the image was associated with the changing size of the defect 
between the plies 4 and 5. Therefore, size of the defect inside the sample is also another 
variable to consider in the bright spot phenomenon. 
From above experiments, we can conclude that the bright spot phenomenon is depen-
dent on the frequency of inspection, the position of the defect and also the size of the defect. A 
similar effect is reported in optics literature. It was referred to as Poisson's bright spot based 
on Fresnel's wave theory of light. In this phenomenon, a bright spot was found in the center of 
the geometrical shadow of a circular disc when a point source of light was projected on to it. 
This phenomenon was explained by the interference of diffracting light waves around the edge 
of the circular disk. These diffracting light waves interfere constructively beyond the circular 
disk to generate a bright spot in the center of the shadow. 
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Figure 4.8 (a) Schematic of the 16 ply composite laminate having embed-
ded circular grafoil defects of different sizes at every ply between 
plies 1 to 9 inside the sample (b) The C-scan image of the above 
sample using 120kHz planar transducers (c) The C-scan image 
of the same sample with a pair of 400 kHz transducer with a 
focused receiver 
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An analogy can be drawn from Poisson's bright spot observed in optics to the bright spot 
phenomenon observed in our experimental results which were discussed above. The sound 
waves diffract around the edge of the circular defects and interfere constructively to show up 
as a bright spot. To support this conclusion, a model for the diffracting sound waves around 
the circular edge was formulated using Fresnel's wave theory of light. In this model, Lommel's 
formulation for the intensities beyond the circular obstacle was used. The model calculations 
for the intensities were compared with the experimental results using 120 kHz transducers. 
Circular disks of different sizes were used in the experiments to compare with the calculations. 
Lommel's Formulation for the Intensities Beyond a Circular Obstacle 
Lommel developed a special formulation of the Kirchoff theory in 1885 [47, 48] to explain 
the Poisson's Bright Spot phenomenon. This formulation is suitable for the calculation of 
intensities beyond a circular obstacle or aperture. Many researchers after Lommel have tried 
to refine the method to obtain more accurate results for large-scale diffraction patterns from 
circular objects [49]. In this research, Lommel's formulation from the wave theory of light 
was applied to the ultrasonic waves. The diffraction pattern for the ultrasonic waves beyond 
a circular obstacle was calculated. These diffraction patterns were then compared with the 
experimental results obtained from using an air-coupled planar 120kHz transmitter as a source 
and the field mapping was made with an apodized 'point' receiver of the same frequency. 
Lommel's Theoretical Formulation 
physical arrangement of the setup and the notation used for this model are shown in 
Fig. 4.9. The diffracting object can be either a circular object or a circular aperture of radius r 
placed so that the ultrasonic path has cylindrical symmetry about the object's normal through 
its center. 
Two dimensionless parameters y and z are used in this model which are defined as y = 
21r-r2(a + b)jab and z = 21rr(jb. For a fixed experimental setup, y is constant and z varies 
with the distance, (, from the center of the diffraction pattern to another point on the screen 
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p 
Figure 4.9 A schematic view of the physical arrangement for the exper-
iment is shown along with the notation used to indicate 
tances. P is the point source of single frequency ultrasonic 
wave. The distances a and b are from the circular object to 
the source and the object to the screen respectively 
(Fig. 4.9). Consider a point source with intensity Kj s2 at a distance s, where K is the 
strength of the source. The intensities on the screen for an obstacle and the aperture case can 
be written as: 
Io 
K (4.8) (a+ b) 2 
00 
Vn(Y, z) '2::: ( -1 )m(zjy)n+2m Jn+2m(z) (4.9) 
m=O 
lap(() [U[(y, z) + U~(y, z)]Io; (4.10) 
00 
Un(Y, z) '2::: ( -l)m(y/zt+2m Jn+2m(z) ( 4.11) 
m=O 
Here Un and Vn are Lommel functions and Jn+2m(z) is a Bessel function of the first kind. 
The Bessel functions can be evaluated by an infinite series of functions [50] given by: 
oo ( -l)m(z)2m+n 
Jn(z) = fo 22m+n(m!)2 (4.12) 
There is a relationship between the Lommel functions Un and Vn, which helps to avoid the 
infinite series and to make the calculation easier. 
( 4.13) 
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when n=1,2; 
Ut(z)- Vt(z) sin(y/2 + z2 j2y) U2(z) + Vo(z) = cos(y/2 + z2 f2y) (4.14) 
If one of the Lommel functions in each of the equations in Eqn. (4.14) is known, the other 
two functions can be found without resorting to calculating the infinite series (Eqns. 4.9 and 
4.11). In particular, when y < z, the series for Un will converge more quickly and then Vn can 
be evaluated. The roles of Un and Vn are reversed when y > z. 
Transmitter 
Aluminum foil with 
a pin hole at the 
center 
Figure 4.10 Setup for mapping the field beyond the circular obstacle using 
a point receiver (Fig. 3.11) 
A computer program was written in Matlab for calculating the intensities beyond an obsta-
cle. An ultrasonic point source with a frequency of 120 kHz was assumed to project ultrasonic 
waves onto the circular obstacle. The inputs for the program are distances a and b, frequency 
of the point source f and the radius of the circular obstacle r. 
The results from the computer code were compared with the scans obtained from air-
coupled 120 kHz planar transducers. In these measurements, circular disks with diameters 
varying from 1/8" to 1" were used as obstacles to analyze the diffraction pattern beyond the 
circular disk. The scan setup is shown in Fig. 4.10. In this setup, the transmitter is stationary 
and the point receiver is scanning the amplitude beyond the circular disk (in the z-x plane). 
A penny (dia. = 0.75") was first used as the circular obstacle in the experiments. The two 
transducers were aligned face-to-face and the penny's face was placed in parallel with the two 
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transducer faces. The penny is placed concentrically to the faces of the transducers. The beam 
diameter of the 120kHz is about .49" at full width half maximum (FWHM). Therefore, the 
penny covers most of the beam when placed in parallel with the transmitter. The transmitter 
and the circular obstacle are stationary in this setup. The point receiver scans the field beyond 
the penny. For different distances of a and b the field beyond the penny was mapped by doing 
raster scans in z-x plane (Fig. 4.10). 
The results obtained from these scans were compared with the calculations from Lommel's 
formulation. Figures 4.11-4.12 show the comparison of the calculated and scanned results for a 
0.5" and 0.75" and b = 0.5". The results shown are compared only qualitatively because the 
theory assumes a point source and for the experiments we use a finite transducer to generate 
the sound. Figure 4.13 illustrates the scanned field beyond a penny for a = 0.25", 0.5" and 
0.75". In each of these beam scans there is a bright portion at the center, which remains 
through out the scan distance. In these scans, b has a range from 0 to 4". Apart from the 
center bright region, five sidelobes on either side can also be observed in the scan as shown 
in Fig. 4.13. It can also be observed that the central bright becomes more intense as a is 
increased from 0.25" to 0.75". This increased intensity can be attributed to beam spreading, 
which increases as a is increased. 
In these experiments, it was observed that when a > 0.5" two separate signals showed up 
on the oscilloscope. The second signal was higher in amplitude and appeared later in time 
domain, than that of the first signal. The time delay between the two signals was measured 
to be twice as much as the time of flight (TOF) between the front surface of the penny and 
the transmitter. Therefore, the second signal was identified to be the reflection from the front 
surface of the penny as shown in the Fig. 4.14. The scan of the second signal shows a bright 
spot in the center throughout the range of b. The reasons behind the higher amplitude of the 
second signal are unknown. In these scans, it was assumed that the diffracting waves around 
the edge of the penny interfere in the geometrical shadow to obtain a bright spot. However, it 
has not been proved if these diffracting waves are the only waves interfering constructively. 
An experiment was performed to check if there is any transmitting wave through the penny 
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Poie:aon Bright Spot Intensity beyond a circular obst-"lclo 
Result from Fresnel's Theory 
Figure 4.11 A penny (dia. = 0.75") was used as the circular obstacle and 
the x-z plane C-scan was performed to map the field (a = 0.5", 
and b = 0.5") as shown in 4.10. 
Poisson E!tlght Spot !nte"nsity beyond a ClfC\Jiar obstacleo 
Figure 4.12 The comparison of fields beyond penny, when a=0.75 and 
b=0.5 
= 
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Figure 4.13 The beam beyond the penny was mapped for three different 
conditions and illustrated here. A y-x axis scan was performed 
ranging b from 0 to 4" and keeping a= 0.25", 0.5" and 0.75" 
interfering with the diffracting waves from the edges. Instead of a single penny, two pennies 
were glued together in such way that there is a small gap between them. This air gap between 
the pennies prevents most of the transmitted wave to go through. Then, the field beyond the 
double penny was scanned using the point receiver. Keeping a= 0.75" and b = 0.75", a scan 
was performed and the results are shown in the Fig. 4.15. The scan still shows a bright spot 
in the center, proving that the transmitting wave has very little effect on the interference of 
the diffracting ultrasonic waves. 
Next, a complete field beyond the double penny was scanned using the point receiver. The 
same settings on the pulser /receiver were used and another scan was made with a single penny 
to check the difference. Figure 4.16 shows the comparison of the beam profile beyond a single 
and double penny. The scan on the left is the beam profile beyond a single penny and the one 
on the right is for the double penny. A slight contrast in the intensity levels can be observed 
between the two beam profiles. The scan done for the single penny shows more intense central 
lobe and side lobes. The bright central lobe continues throughout in both the scans with same 
number of adjacent lobes in both of the scans. The range of maximum amplitude both the 
scans was found to be equal for the bright central lobe (Fig. 4.16). The double penny having 
twice the thickness as the single penny and decreases the amount of energy diffracting around 
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g-'ooEifj= 
1 a b 1 
Figure 4.14 Two signals were observed on the scope as illustrated above. 
The field mapped on the left is from the first signal and the 
one on the right is from the second signal. The second signal 
is relatively stronger than the first 
a = Distance from source to front surface 
of the double penny 
b. Distance from back surface of the 
double penny to the receiver 
Figure 4.15 This scan was performed to check the effect of the transmitted 
wave on the interference pattern beyond the penny. Two pen-
nies were glued together as shown to cut down the transmitted 
wave 
= 
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Figure 4.16 field beyond the double penny configuration is is compared 
with that from a single penny (a=0.5" and b=0.5"). Both 
these scans were done with the same pulser/receiver settings. 
the edges, which explains the decrease in the intensity for the double penny scan. 
Another important aspect observed was the generation of the standing waves between the 
penny and the point receiver. As shown in the blown-up view dose to the disk for both single 
and double penny scans, a series of maxima and minima pertaining to the resonance in the 
air-gap between the receiver and the circular disk can be seen. This resonance effect can be 
only possible with the diffracting waves around the edges, since only a small fraction of the 
transmitted wave goes through in these scans. 
The surface features on the penny could also effect the amount of energy diffracting around 
the edges. To check for the effect of surface features on the penny, fiat circular disks were used 
instead of the penny in the following experiments. effect of disk diameter on the bright 
spot phenomenon was also studied. Circular disks of diameters ranging from 0.125" to 1" were 
used in these measurements. Subtle modifications were also made to the procedure followed 
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1/2" Circular disk 
Figure 4.17 This image illustrates the effect of the distance a on the inten-
sity beyond the circular disk. As the distance a is increased 
from 0.5" to 0.75" the intensity is beyond the disk also in-
creases 
in these scans. Firstly, the beam profile of the transmitter is scanned for distance of 0.5" or 
0.75" (a 0.5" or 0.75") respectively. Then, the circular disk was placed in parallel with the 
transmitter and blocking the beam. The same scan is continued for a range of values of b. 
Figure 4.17 shows the scan result for a 0.5" and 0.75" for a circular disk of 0.5" diameter. 
It can be seen from the figure that for a = 0.75", the intensity of the central lobe is brighter 
than that for a = 0.5". The same intensity increase was also observed when a was increased 
in the penny scan. The number of side lobes on either side of the bright central lobe did not 
show any change when a was different. The measured results were compared qualitatively with 
the Lommel's formulation for different values of a and b for each disk. Figures 4.18-4.20 show 
the comparison of the C-scan images for the field beyond the circular disks with that obtained 
from Lommel's formulation in the geometrical shadow. The bright outer rings seen in the 
calculated field are to be ignored because the Lommel's formulation considers a point source. 
The region of comparison is the geometrical shadow of the circular disk and the results agree 
quite well qualitatively in this region, even though the formulation assumes a single frequency 
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1/2" Circular disk 
Figure 4.17 This image illustrates the effect of the distance a on the inten-
sity beyond the circular disk. As the distance a is increased 
from 0.5" to 0.75" the intensity is beyond the disk also in-
creases 
in these scans. Firstly, the beam profile of the transmitter is scanned for distance of 0.5" or 
0. 75" (a 0.5" or 0. 75") respectively. Then, the circular disk was placed in parallel with the 
transmitter and blocking the beam. The same scan is continued for a range of values of b. 
Figure 4.17 shows the scan result for a 0.5" and 0.75" for a circular disk of 0.5" diameter. 
It can be seen from the figure that for a = 0.75", the intensity of the central lobe is brighter 
than that for a = 0.5". The same intensity increase was also observed when a was increased 
in the penny scan. The number of side lobes on either side of the bright central lobe did not 
show any change when a was different. The measured results were compared qualitatively with 
the Lommel's formulation for different values of a and b for each disk. Figures 4.18-4.20 show 
the comparison of the C-scan images for the field beyond the circular disks with that obtained 
from Lommel's formulation in the geometrical shadow. The bright outer rings seen in the 
calculated field are to be ignored because the Lornrnel's formulation considers a point source. 
The region of comparison is the geometrical shadow of the circular disk and the results agree 
quite well qualitatively in this region, even though the formulation assumes a single frequency 
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W' circular disk: 
Measured scan Measured scan 
a 0.5" and b 0.5" a= 0.5" and b = 0.75" 
Measured scan Measured scan 
a= 0.75" and b 0.75" a= 0.75" and b = 0.5" 
Figure 4.18 The intensities beyond a 0.25" dia. circular disk 
point source instead of a finite source with frequency spread. 
Figure 4.21 shows the effect of disk diameter on the intensities beyond the circular disk. 
Three circular disks of diameters 0.25", 0.5" and 0.81" (13/16") were used in these measure-
ments. The distance a was kept at 0.5" for all three cases and the beam profile beyond the 
circular disks was mapped out (Fig. 4.21). There are two steps to each of the beam profile 
mapping shown in 4.17 and 4.21. As explained earlier, a beam profile scan was first 
performed keeping the gain and attenuation on the pulser/receiver at 44.4 dB and 40 dB. This 
scan is performed for the space between the transmitter and disk before circular disk is placed 
between the transducers. Then, the circular disk was placed in front of the transmitter as an 
obstacle to the beam. The measurements in these experiments were done by keeping the space 
between the disk and the transmitter at 0.5". Depending on the size of the circular disk, the 
gain and attenuation levels were adjusted for sufficient signal amplitude to show the diffraction 
pattern beyond the disk. For a 0.25" disk the pulserjreceiver settings were not changed since 
it was only blocking the beam partially. However, the 0.5" and 0.81" diameter disks block the 
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Vz" circular disk: 
Measured scan Measured scan 
a = 0.5" and b 0.5" a 0.5" and b = 0.75" 
Measured scan Measured scan 
a= 0.75" and b 0.75" a 0.75" and b = 0.5" 
Figure 4.19 intensities beyond a 0.5" dia. circular disk 
13116" circular disk: 
Measured scan Measured scan 
Lommel's model 
a = 0. 75" and b 0.5" 
Measured scan 
a = 0.5" and b 0.5" 
a 0.75" and b = 0.75" 
Measured scan 
a= 0.5'' and b = 0.75" 
Figure 4.20 The intensities beyond a 13/16" dia. circular disk 
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1/4" Circular disk 1/2" Circular disk 13/16" Circular disk 
Fixed transmitter and scanning 'point' receiver 
Figure 4.21 The effect of the of the circular disk on the intensities be-
yond the circular disk are illustrated. Circular disks of three 
sizes (0.25", 0.5" and 13/16" dia.) were used in this experi-
ment 
entire transducer beam and substantially reducing the amount of energy diffracting beyond 
the circular disk. Since, the amount of energy diffracting reduced for 0.5'' and 0.81" diameter 
disks, the initial pulser /receiver settings used for the 0.25" diameter disk could not detect the 
signal beyond these disks. Therefore, a net gain was introduced on the receiving transducer 
until a sufficient signal amplitude was obtained to show the diffraction pattern. The results 
show that the bright central lobe exists for all circular obstacles and the intensity is dependent 
on the amount of energy diffracted from the edges. Thus, as the diameter of the circular disk 
is increased, diffracting energy is decreased. The beam profiles beyond the disks also show 
that, as the size of the disk is increased the number of side lobes also increase, thus giving 
more structure to the diffraction pattern. 
Apodization of the Transducers: Cone Attachments 
In the through transmission setup, the cone attachments were an important aspect of this 
research. A cone holder made of Teflon was designed and machined according to the size of 
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the air-coupled transducers. The cones with a tip diameter of 4 mm were fixed to the face of 
the transducers using these cone holders as shown in the Fig. 4.22. Initially, these cones which 
are called Otoscope cones, were used to generate a Lamb wave signal in a composite laminate 
in a one-sided setup. These cones, when used at the ends of the transducers, helped in cutting 
down the unwanted specular reflection from the surface of sample, thus making the detection 
of the Lamb wave signal possible. 
Figure 4.22 The setup for apodization of the transducers 
After getting some good results from the one-sided Lamb wave setup, measurements in the 
through transmission setup were carried out to check for the effect of the cone on the c-scan 
image obtained. The obtained results were interesting and in fact, improved resolution 
of the scan. The sample shown in Fig. 4.22 is a honeycomb sandwich repaired panel with 
a Nomex honeycomb core and CFRP facesheet. A part of the Nomex honeycomb core was 
replaced by a scarf repairing method. The air-coupled scan image, as shown in Fig. 4.23, shows 
the same 4" diameter replaced core as a region of lower transmission as compared with the 
parent material. At the center of this region is the image of a small oval object. This object is 
a "plug" adhesively bonded onto the outside surface of the lower facesheet in this "one-sided" 
repair. At the edge of the core replacement, a somewhat discontinuous circular ring of high 
transmission is revealed. This high transmission is immediately surrounded by a circular band 
of very low transmission. Beyond this circular band, the transmitted signal amplitude increases 
gradually to a high level of the un-repaired region. This scan was performed using a 120kHz 
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planar transducer without using the cones. These bands give an indication that the sample 
was improperly repaired. 
Then, the same panel was scanned by using cones on both the transmitter and the receive. 
Figure 4.23b shows the image obtained from the scan using the cones. The cone image is 
complete contrast to the image obtained without the cones. By using the cones, the honeycomb 
pattern inside the repair panel can be seen easily. The resolution is comparable to that obtained 
with a 400kHz transducer with a focused receiver (Fig. 4.23c). Thus, by using cones a definite 
improvement in resolution can be seen in the scanned images at 120kHz. 
The reasons for this improvement cannot be attributed to any known principle yet. The 
beam profile of the sound through the cone has a distinctive tear drop shape to it and could 
be one of the reasons for the improved resolution. Another argument could be made in terms 
of confining the beam to a smaller area because of the cones, thereby increasing the resolution 
of the scan. 
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a) 
b) 
c) 
Figure 4.23 ACUT through transmission C-scans performed with 120 kHz 
unfocused probes. (a) This image was obtained using the 
transducers without modification. (b) In this image both 
transmitter and receiver are apodized as shown in Fig. 4.22 (c) 
This image is of the same sample using 400 kHz transducers 
with a focused reciever 
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CHAPTER 5. LAMB WAVE GENERATION USING AIR-COUPLED 
UT 
Often through transmission inspection of a part is impractical because both sides of the 
component are not accessible. Since, pulse-echo cannot be realized using ACUT, Lamb wave 
generation was studied in a one-sided inspection approach to inspect parts with access to just 
one side. The results from our experiments in generating Lamb waves in composite laminates 
and honeycomb structures will be presented in this chapter. 
Setup for Lamb Waves 
Lamb waves are the particular modes of vibration which propagate along plate-like geome-
tries. These wave modes are highly dispersive, with velocities strongly dependent on frequency 
and the thickness of the plate, as well as the elastic properties of the material. Lamb waves 
provide a fundamentally different approach from the pulse-echo or resonance methods. This is 
because the physical nature of Lamb waves is different from the longitudinal bulk waves used 
by the other approaches. The main changes are that Lamb waves propagate down the plate 
instead of through it, and can employ much lower frequencies. A separate transmitter and 
receiver is necessary. Since, Lamb waves are highly dispersive; different frequencies travel at 
different phase velocities. Spatial resolution for Lamb wave imaging techniques depends a lot 
on the source-receiver distance and is significantly less than one might get from bulk waves. 
Consider the geometry of the free plate as illustrated in Fig. 5.1. The generalized equation 
of motion governing the displacement in the plate is given as: 
(5.1) 
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Transmiucr Receiver 
x, 
2h Leaky Lamb Waves 
Figure 5.1 The guided wave modes in an aluminum plate. 
Since the plate has finite dimension, certain boundary conditions are needed to satisfy to 
make it a well posed problem. Considering the boundary conditions on the surfaces of the 
plate at y= d and y= -d to be traction free. When ultrasonic energy is excited at some point 
on the plate, the energy encounters the upper and lower bounding surfaces of the plate. As 
a result, mode conversions take place between the longitudinal and transverse waves and vice 
versa. After some travel in the plate superpositions cause the formation of wave packets called 
guided wave modes inside the plate. The number of modes produced in the plate depend on 
the incident angle and the frequency of inspection (Fig. 5.1). Figure 5.2 illustrates the phase 
velocity dispersion curves for aluminum plate with C£ 6.32 mm/ J.tS and cy 3.1 mm/ J.tS. 
Note that there are two types of Lamb wave modes generated in the plate, namely: Symmetric 
and Antisymmetric modes. 
There are, however, several difficulties to use this method in air. One problem is due to 
the high impedance mismatch between air and most solids, a large specular reflection from the 
surface can mask the desired signal. A second problem arises because of the physical size of 
the transducers (rv1" diameter for the 120kHz probes). This requires a physical separation of 
the transmitting and receiving probe requiring and at any location (Fig. 5.1), a line segment 
and not a point is being sampled. The technique is a "dark field" technique, which can make 
interpretation of the results difficult. Another difficulty that occurs when inspecting composite 
components is due to the fact that the signal strength is highly dependent on the ply orientation 
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Figure 5.2 Dispersion curves for Lamb wave modes in aluminum 
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Figure 5.3 Effect of ply orientation on Lamb wave signal magnitude 
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Figure 5.4 Transducer modification for Lamb wave scanning. (a) Cone 
on receiving transducer and sound barrier reduce the specular 
reflection from the transmitter (b) Cone on transmitting and 
receiving transducer eliminates the need for a sound barrier, 
making scanning more simple 
of the structure (Fig. 5.3). Finally, the critical angles of incidence for composites (>=::l 6°) and 
aluminum (>=::l 3°) are very small. So, the transducers can be difficult to align and 
angle must be controlled very carefully. 
injection 
One of the difficulties mentioned earlier in performing Lamb wave inspections with ACUT 
is related to the large specular reflection from the surface of the part being inspected. Initially, 
getting a distinct Lamb wave signal using the 120kHz transducers seemed hopeless because of 
the large specular reflection from the surface. This reflected signal completely overshadowed 
the Leaky Lamb wave signal. One way of mitigating this problem is by introducing a "sound 
barrier" between the transmitting transducer and the receiver and also fixing a squirter cone to 
the receiver (Fig. 5.4a). This sound barrier will block any direct signal between the transducers 
and any signal reflected off the surface of the part. But, the squirter cones were too big for 
these transducers. It was difficult to keep these cones and the sound barrier fixed to the 
transducers during the C-scan. A more effective method for discriminating the desired Lamb 
wave signal from any other spurious signal can be achieved by attaching "cones" (Fig. 5.4b) 
to of the transducers. These cones were molded with epoxy to fit to the size of the air-
coupled transducers. The cones used in this experiment had an exit diameter of about 4mm 
and eliminated the need for a sound barrier. 
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Reduced Signal Strong Signal 
Figure 5.5 Lamb wave C-scan of reinforced composite plate. The ampli-
tude of the received leaky lamb wave is affected by the number of 
reinforcing ribs the wave crosses resulting in the pattern shown. 
Notice dark band at the location of the ribs due to the energy 
associated with the wave being absorbed into the rib. 
At 120 kHz frequency the possible modes that could be generated was the antisymmetric 
mode Ao. The greatest advantage of this mode is its small wavelength and sensitivity to thick-
ness variations in the plate. Figure 5.5 illustrates a Lamb wave C-scan image of a composite 
laminate with Waffle patterned ribs on the back surface to reinforce the laminate. The physical 
size of the transducers {--v1" diameter for the 120 kHz probes) limited the separation between 
the tips of the cones to 1.5" or more. Due to this physical separation of the transmitting and 
receiving probes, at any location, a line segment is being sampled. The dotted lines on the 
c-scan image represent the actual width of the rib on the laminate. The darker diagonal bands 
associated with the ribs appear wider than the ribs themselves. The width of these bands 
depend on the separation between the transducers. The figure shows that, at the locations of 
the reinforcing structure, the amplitude of the Lamb wave signal is reduced due to the fact 
that some of the energy associated with the wave is transmitted to the reinforcing rib. 
The effectiveness of detecting disbands in honeycomb sandwich composites using ACUT 
generated Lamb waves was also studied. A set of Honeycomb composite samples were made 
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with the graphite-epoxy facesheet thickness ranging from 3 to 13 plies (odd number of plies 
only). A cross ply orientation was used for the facesheets. The Nomex honeycomb core was 
1" thick and had 3/ 16" cell size. Triangular and rectangular disbands were artificially created 
between the core and the facesheet by cutting the film adhesive to the required shape (Fig. 
5.6). The result from the Lamb wave C-scan on these sandwich samples are illustrated in Fig. 
5.7. Since Lamb wave scan is a dark field technique, the disonds in these samples showup 
as bright regions. The triangular disband in samples having 3- and 5-ply facesheets were 
easily detectable but as the thickness was increased, the detectability decreased. In 7- and 
9-ply samples we can barely see the disband. It is apparent that as the thickness is increased, 
more Lamb wave energy is absorbed by the disband hence decreasing the detectability. Since 
the separation between the transducers could not be reduced to less than 1.5", none of the 
disbands on the back surface were detectable because they were too small when compared to 
the separation distance. The broadening of the triangular disband in the C-scan image can 
also be seen because of the separation. 
Top skin 
Side 
Bottom skin 
KEY 
[] disbands 
!llm Nominal Carbon Fiber (cross ply) 
mJillll Nomex Honeycomb 
Figure 5.6 Schematic of composite samples showing the location of the 
disbands between the core and the skin 
With both the transmitter and receiver on the same side of the sample and separated by a 
distance, the image formation and its de-convolution are of interest. Since it is subjected to a 
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Figure 5.7 Detection of disbonds in honecomb sandwich samples using 
Lamb wave C-scan 
line spread function instead of a point spread function, the broadening of the image is observed 
in the C-scan images. Simple de-convolution techniques like Inverse and Wiener filters were 
initially tried without much improvement to the image. Finally, a de-convolution algorithm 
was developed based on the Maximum Entropy Method (MEM) and Statistical methods. This 
algorithm was first tested on deconvolving astronomical image with some very good results. 
The algorithm needs a point spread function as an input to deconvolve the image. We tried 
to generate a point spread function to deconvolve the broadening observed in the Lamb wave 
scan. Due to finite dimensions of the plate used in these experiments getting a good point 
spread function seemed impossible. Hence, further investigation is needed to refine the method 
of obtaining the point spread function to apply the MEM deconvolution algorithm on these 
Lamb wave images. 
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CHAPTER 6. APPLICATION EXAMPLES FOR AIR-COUPLED 
ULTRASONIC TESTING 
Air-Coupled Ultrasonic Testing (ACUT) offers many potential advantages in terms of ease 
of use and compatibility with materials and processes. ACUT has been broadly separated 
into two areas: high frequency systems offering resolution comparable to conventional tech-
niques, but suitable only for good materials which are easy to penetrate, and lower frequency 
systems which can penetrate tougher materials, but which offer a limited ability to resolve 
material structure and smaller defects. In this chapter our experience using ACUT in through 
transmission for inspecting a variety of materials will be discussed. 
Rocket Motor Casing 
Figure 6.1 shows the c-scan image of a Solid Rocket Motor (SRM) casing made of graphite/epoxy 
composite material. The specimen is approximately 10" x 10" and 1.25" thick. This scan was 
done using 120 kHz planar transducers. The filament wound angles of the composite exhibit 
themselves as striations observed in the C-scan image. Figure 6.2 illustrates the C-scan of 
another SRM sample that measures 12" x 12" x 1.5" . This sample has a large delamination 
over most of the central region, which shows up as a dark region. The ACUT was able to 
penetrate these composite samples (1.5" and 1.25" thick) and revealed the internal defects in 
the samples. 
CMC Composites 
Figure 6.3 illustrates the comparison of TTU C-scan results obtained using immersion 
and air-coupled UT on a ceramic composite sample with a porous thermal barrier coating. 
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Figure 6.1 120kHz air-coupled TTU of SRM casing. The filament wound 
direction is illustrated by the striations in the c-scan image. 
Figure 6.2 The delamination in the SRM casing is easily visible as the dark 
region in the c-scan image 
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Six engineered defects having a shape of '+'sign are placed inside the sample as shown in the 
immersion C-scan. In this figure, the immersion scan (transmitter and receiver both: 2.25 MHz, 
1" focal length) of the composite sample is compared with that obtained by air-coupled UT ( 400 
kHz unfocused transmitter; 400 kHz, 1" focal length receiver). All six engineered defects on the 
highlighted portion in immersion c-scan image of the composite were also observed by the air-
coupled scan. This is an important result in the detection of the defects for ceramic composites 
because exposure to water may be detrimental to the ceramic material in the immersion setup. 
Figure 6.4 illustrates the comparison of the highlighted portion of the immersion C-scan image 
with that obtained from air-coupled UT (120 kHz planar transducers). The ACUT was able 
to detect a crack across the sample, due to the "leakage" of sound energy which appeared 
as a bright line (highest amplitude) in the air-coupled scanned image. This crack, however, 
was not observed in the immersion scan (Fig. 6.4). This particular crack running across the 
ceramic sample could not be located even at high magnification under an optical microscope. 
Therefore, air-coupled UT can be used for the detection of through cracks and defects inside 
the ceramic composites. 
Carbon/Carbon Brake Disks 
After the Columbia space shuttle disaster in the re-entry, renewed attention has been 
given to the inspection of carbon-carbon composites. Figure 6.5a shows the image of a Car-
bon/Carbon brake disk used in a fighter aircraft. The brake disk measured 12" outer diameter 
by 10" inner diameter, and was 0.5" thick. Figure 6.5b illustrates the C-scan image of this 
brake disk using 120 kHz air-coupled planar transducers. The different colors in the scan im-
ages corresponds to different degrees of consolidation or density. Higher consolidation regions 
transmitted greater amplitudes of sound and appeared red or orange. Regions with lower den-
sity and higher porosity appeared as green. From these results, it is apparent that air-coupled 
UT can be used for inspecting Carbon/Carbon composite components. 
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T: 400kHz, unfocused 
R: 400kHz, 1.0" focal length 
T & R: 2.25MHz, 1" focal length 
Figure 6.3 The immersion and air-coupled c-scan image comparison for 
ceramic composite sample. 
Figure 6.4 The crack in the sample can be easily seen in the c-scan using 
the air-coupled system 
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Figure 6.5 (a) The Carbon/Carbon brake disk used in the fighter aircraft 
(b) C-scan image of the brake disk using 120 kHz planar trans-
ducers 
Wood and Lumber 
Another important application of air-coupled ultrasound is in the inspection of wood and 
lumber. Wood is anisotropic and cut lumber contains layered wood grains as shown in Fig. 
6.6. The C-scan image of lumber in Fig. 6.6 illustrates a high sound energy transmission in the 
middle portion of the sample. This is because the incident beam is along the radial direction 
of the grain in the middle portion of the sample and hence suffers no beam skewing. In the left 
and right half of the sample, the beam is not propagating in the radial direction of the grain 
and is deflected away from the receiver. Therefore, the top and bottom portions of the sample 
appeared in the image as regions of lower intensity than the middle portion of the sample. 
An experiment was performed to specifically illustrate the beam skewing in the wood 
samples. In this experiment, the transmitter was kept stationary and the receiver was scanning 
in the plane parallel to the lumber board to map out the field behind the wood sample. Figure 
6. 7 illustrates the results of these scans. In Fig. 6. 7a, the 120 kHz transmitter was placed to the 
right half of the wood sample and the 120 kHz receiver mapped the field beyond the sample. 
The incident beam was at an angle to the radial direction of the grain. The field behind the 
sample showed that the beam was skewed to the right (The cross-hair indicates the incident 
beam direction). The transmitter was then placed at the center of the sample and along the 
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Tangential 
Radial 
/ 
Figure 6.6 The inspection of wood samples using 120 kHz planar transduc-
ers in TTU. The high intensity middle portion observed in the 
c-scan is due to the normal incidence of the beam with 
respect to grain 
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Figure 6.7 The schematic illustrates beam skewing observed in wood sam-
ples 
radial direction. No beam skewing in this case was observed. Finally, the transmitter was 
placed to the left half of the sample, to the left of the center. The result shows that the beam 
skews to the left of the radial direction as shown in Fig. 6.7c. The results shown in Fig. 6.7 
are consistent with the expectation that sound waves propagate along the radial direction of 
the wood grain without deviation and with the least attenuation. Along non-radial directions, 
the beam is skewed toward a direction that approaches the radial direction. Therefore, beam 
skewing is an important aspect that should be considered in the inspection of anisotropic 
materials. 
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GENERAL CONCLUSIONS 
Summary 
In this dissertation, we have concentrated on gaining a quantitative understanding of the 
principles underlining air-coupled ultrasonic measurements in aircraft composites structures 
and their repairs. The topics of interest include the transmission coefficient, beam profile char-
acteristics of the air-coupled transducers, qualitative and quantitative effects of apodization of 
transducers and Poisson's bright spot in through transmission scanning and one sided Lamb 
wave generation for viewing of internal structures and disbands in composites. 
The impedance mismatch between air and most materials is large and is responsible for 
the high loss of energy in through transmission. We demonstrated a model, which success-
fully predicts the insertion loss in aluminum and CFRP composite materials using a modified 
expression for the transmission coefficient. This model can also be applied to a variety of 
materials to find the insertion loss at different thicknesses. 
The transducers we used in this research do not behave as a piston source. Instead of mak-
ing a transducer model to match the transducer characteristics, we performed experimental 
verification to check if the probe was constructed as per the specifications for each transducers. 
It was important to verify the beam profiles of these transducers as well as to generate the 
profiles in electronic form for convenient use in various measurements. Since, the QMI trans-
ducers were already optimized in resonance mode, the receiving transducers were apodized 
into point receivers to map the field generated by the transmitter. The beam profiles obtained 
using these modified receivers matched very well qualitatively with the specifications for the 
transmitters. 
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Results from the through transmission scanning of a variety of materials were discussed. 
In conventional through transmission scans, the defect inside the sample tends to block the 
transmitting signal. Due to the blocked signal, the defects show up as a low intensity regions 
when compared to their surroundings in the c-scan of the part. We observed interesting results 
from the inspection of various composite laminates and honeycomb structures. In some of the 
scans defects in the composites were observed as higher intensity or a bright spot compared 
to the surrounding regions. In some cases, these defects appeared as dark spots with a bright 
dot in the center of the defect. We believe the sound waves are diffracting around the edge of 
these circular defects and then interfere constructively to give a bright spot in the geometrical 
shadow of the circular defect. To understand the diffraction of sound waves around the edges 
of the circular defects, experiments were performed by projecting ultrasonic waves using air-
coupled transducers on to circular disks of different diameters. The 120 kHz transmitter was 
used as the source for the ultrasonic waves in these experiments. The intensities beyond the 
circular disk's were scanned and compared qualitatively with Lommel's formulation based on 
Fresnel's wave theory of light. 
We also performed some experiments using cones at the ends of these air-coupled transduc-
ers in through transmission setup. The obtained results were interesting and in fact, improved 
the resolution of the scan. The reasons for this improvement cannot be attributed to any known 
principle yet. The possible factors that could explain the improvement in the resolution were 
explored. The beam profile of the sound through the cone has a distinctive tear drop shape 
to it and could be one of the factors for the improved resolution. Another argument could be 
made in terms of confining the beam to a smaller area because of the cones, thereby increasing 
the resolution of the scan. 
In addition to the two-sided through transmission mode, the air-coupled ultrasound system 
was used to launch and receive Lamb waves. Conical attachments were added to reduce the 
unwanted" cross-talk". With both the transmitter and receiver on the same side of the sample 
and separated by a distance, the image formation and deconvolution was of interest since it is 
subjected to a line spread function instead of a point spread function. The detection sensitivity 
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of disbonds under thick-facesheet using air-coupled Lamb waves was investigated in a set of 
honeycomb sandwiches with 3-ply to 15-ply facesheets. 
Recommendations for Future Research 
Beyond the work presented in this dissertation there is still much further research to be 
done on the topics discussed above. In this research, the beam profiles of the transducers were 
verified experimentally. It will be helpful to develop a model to explain the characteristics 
of the beam profiles of these air-coupled transducers. Other areas to be explored are the 
modelling of the diffraction pattern, central bright spot, sidelobes etc. observed in the through 
transmission scans and compare it with the experimental results. The cone attachments in the 
through transmission scan improved the resolution of the image obtained. Further research is 
need to investigate the factors responsible for this improved resolution. The Lamb waves were 
generated on composite laminates and honeycomb sandwich's to find the detection sensitivity 
of defects and disbonds. It is desirable to develop deconvolution algorithms since the image is 
subjected to a line spread function instead of a point spread function. 
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